We have examined the role of the uvrC gene in UV excision repair by studying incision, excision, repair synthesis, and DNA strand reformation in Escherichia coli mutants made permeable to nucleoside triphosphates by toluene treatment.
After irradiation, incisions occur normally in uvrC cells in the presence of nicotinamide mononucleotide (NMN), a ligase-blocking agent, but cannot be detected otherwise. We conclude that repair incisions are followed by a ligation event in uvrC mutants, masking incision. However, a uvrC poLA12 mutant accumulates incisions only slightly less efficiently than a poL412 strain without NMN. Excision of pyrimidine dimers is defective in uvrC mutants (poLAU or poLA12) irrespective of the presence or absence of NMN. DNA polymerase Idependent, NMN-stimulated repair synthesis, which is demonstrable in wild-type cells, is absent in uvrC poLAU cells, but the uvrC poLA12 mutant exhibits a UVspecific, ATP-dependent repair synthesis like parental poLA12 strains. A DNA polymerase I-mediated reformation of high-molecular-weight DNA takes place efficiently in uvrC polAU mutants after incision accumulation, and the uvrC poLA12 mutant shows more reformation than the poLA12 strain after incision. These results indicate that normal incision occurs in uvrC mutants, but there appears to be a defect in the excision of pyrimidine dimers, allowing resealing via ligation at the site of the incision. The lack of NMN-imulated repair synthesis in uvrC poU+ cells indicates that incision is not the only requirement for repair synthesis.
The repair mechanisms that are independent of visible radiatiQn are excision repair and postreplication repair. The excision pathway is a major source of low-error repair of UV-induced damage, defined by the Escherichia coli uvr mutants. (12, 28, 42) . This repair pathway appears to involve sequential enzymatic events of scission of the DNA chain close to UV-induced pyrimidine dimers, excision of the dimers, reinsertion of nucleotides, and finally sealing of the nicks (12) . Although the uvr genes represent separate loci on the E. coli genetic map, the enzymatic events in excision repair seem to be perforned in a coordinated process.
Among these loci at least three, uvrA, uvrB, and uvrC, are required for the excision process (3, 12, 36) . The uvrA and uvrB mutants have been identified as defective in incision (38) . The reported absence of UV-specific endonuclease in uvrA and uvrB mutants supports the involvement of these gene functions in the incision step (4; A. Braun and L. Grossman, Fed. Proc. 33: 1599, 1974 ). However, no role has been determined for the uvrC gene function in excision repair. The excision of pyrimidine dimers has been found defective in uvrC mutants in vivo, as in uvrA and uvrB mutants, although the excision data do not distinguish between the functional characteristics of these mutants (3, 12, 36) . Studies with host cell reactivation show that uvrC mutants, like uvrA and uvrB mutants, do not catalyze the fonnation of single-strand breaks in transfecting foreign (phage) DNA, suggesting that uvrC mutants are defective in incision (40) . Other studies on the formation of breaks in covalently closed A DNA molecules in lysogenic repair-proficient and -deficient host cells after UV irradiation also demonstrate the absence of incision in uvrC mutants (28) . In contrast, other in vivo studies show the presence of singlestrand breaks in DNA of uvrC mutants after treatment with UV (13) or mitomycin C (29) . In vivo results with uvrC lig-7(Ts) mutants suggest that the uvrC gene product prevents sealing of the incised DNA by polynucleotide ligase (34) . The same work detected no incisions in uvrC poLA12 cells after irradiation. The uvrC gene function has also been seen to be responsible for the modification of the termini of incised DNA in UV-irradiated cells (13) . Studies in a sucroseplasmolyzed cell system demonstrated the absence of ATP-dependent incisions in the DNA of UV-irradiated uvrC mutants (35) , although uvrC mutants have been shown to possess nor-mal levels of uvrA,B endonuclease (4) . Studies using cell extract complementation assays have indicated that the uvrA, uvrB, and uvrC gene products are required to catalyze repair incisions (32, 33) . In uvrC toluene-treated cells a lack of UV-specific DNA repair synthesis has been interpreted as being secondary to a failure of incision in such mutants (1, 39) . Thus, no conclusive role of uvrC gene function in excision repair has been determined, and the data from various in vivo and in vitro studies do not agree.
To gain a clear understanding of the defect in uvrC mutants, it is essential to study individual events, which is difficult in vivo because the repair process is performed rapidly. Toluenetreated cells are permeable to low-molecularweight compounds and allow manipulation of DNA repair reactions (26) . Previous work from this laboratory and others has shown that the toluene-treated cell system is useful in demonstrating the involvement of various DNA polymerases in repair (2, 6, 7, 20, 25, 37) , the requirement for ATP for incision (6, 41 (2, 20) , and the requirement for the uvrA,B gene products in UV-specific incision (21, 25) . In this report, we studied the functional characteristics of uvrC mutants in the toluene-treated cell system. Since DNA polymerase I influences excision and ref- Strain RM 76 was constructed by P1 transduction as described by Lennox (15 (26) . Strain MM383 (polA12) manifestspolA repair synthesis levels in vitro at 37°C (25) .
Two-dimensional thin-layer chromatography. The analysis of excision of photo-products was performed by two-dimensional thin-layer chromatography on precoated cellulose plastic sheets as described earlier (5) . In brief, after trichloroacetic acid precipitation, the insoluble material was hydrolyzed with 97% formic acid. The hydrolysates were cooled and evaporated to dryness in a vacuum desiccator. The samples were dissolved in a minimal volume of water (10 pl).
The chromatography was performed using a solvent mixture of butanol-water (86:14) for the first dimension and a saturated solution of ammonium sulfate-I M sodium acetate-isopropanol (80:18:2) for the second dimension. Dimers were produced at a 40-J/m2 UV dose.
Alkaline sucrose gradient sedimentation. Alkaline sucrose gradient analysis was performed as described (6, 17 (35) .
Reformation of high-molecular-weight DNA. Refonnation of high-molecular-weight DNA was analyzed on alkaline sucrose gradients. Single-strand breaks were accumulated by incubating toluenetreated and UV-irradiated cells with 3H-labeled DNA in a reaction mixture containing ATP and NMN (5 mM) but lacking dNTP's for 15 min. The NMN and ATP were removed by centrifugation for 45 s in a Beckman microfuge. Cells were reincubated for 2 min in a complete reaction mixture containing 1.3 mM ATP, 33 uM dNTP's, and 0.5 mM NAD. The termination of reactions and alkaline sucrose gradient sedimentation were performed as described above.
Isopyenic centrifugation. The DNA of exponentially growing cells was labeled with 0.01 uCi of [methyl-3H]thymidine per ml, harvested by centrifugation, and toluene treated. Unirradiated and UVirradiated cells were incubated in standard reaction mixtures (0.6 ml) containing bromodeoxyuridine triphosphate in place of dTTP and a-[32P]dATP at 200 cpm/pmol. After 30 min of incubation at 37°C, the celLs were lysed in Sarkosyl-Pronase, and the synthesized DNA was analyzed by buoyant density centrifugation as described (8) .
RESULTS
Incisions in uvrC mutants. A widely accepted model for excision repair proposes incision by an endonucleolytic activity that recognizes the dimers and makes a single-strand cut on the 5' side of the dimer (10). As noted above, there is conflicting evidence on whether uvrC mutants catalyze incisions. To investigate this, we have taken advantage of the fact that incisions can be readily accumulated in toluenetreated cells by omitting dNTP's or through the addition of NMN (6,41; Dorson and Moses, Fed. Proc. 33:1599, 1974 ). Cells with 3H-labeled DNA were toluene treated, exposed to UV at 30 J/m2, and incubated in reaction mixtures lacking dNTP's, and the DNA was analyzed on alkaline sucrose gradients as described in Materials and Methods. Figure 1 shows the comparative results for formation of UV-specific, ATP-dependent, single-strand breaks in wild-type and uvrC cells. Under standard incision conditions (no dNTP's), both polAU (Fig. 1A) and poLA12 (Fig. 1B) cells executed incisions resulting in the reduction in the size of the DNA from irradiated celLs. In these studies we found no indication of nonspecific DNA cleavage (6) . To ensure that no ligation of single-strand breaks occurred, studies on incision were also done using NMN, an inhibitor of ligase activity (16, 24) . The addition of NMN to reaction mixtures did not cause appreciable reduction in the size of DNA in irradiated poUA or polA12 cells, indicating little religation of the incisions even in the absence of NMN. These results confinn our previous findings in toluene-treated wild-type cells (6) . In contrast, we failed to detect single-strand breaks in the DNA of irradiated uvrC poUA cells (Fig. 1C) (Fig. 1B and D) . This result is in contrast to observations in other reports based on uvrC lig-7(Ts) cells in vivo (34) and plasmolyzed cells (35) . In the absence of ATP, the addition of NMN did not induce appreciable formation of single-strand breaks (see Fig. 2 (Fig. 2) . In both poL and poLA12 celLs, incisions accumulated in the presence or absence of NMN ( Fig. 2A and B) . The uvrC poUA cells did not show any reduction in the size of DNA during a 15-min incubation in the presence of ATP alone.
However, in the presence of NMN, uvrC polAU cells followed the same kinetics of incision ( Fig.   20) as observed in poLA+ celLs (Fig. 2A) . The uvrC polA12 cells exhibited intermediate levels of incision during incubation in the absence of NMN. These cells showed the same kinetics of incision (Fig. 2D) presented thus far led us to expect that once incisions occurred in uvrC mutants, they might be followed by subsequent events of excision repair, unless the uvrC gene function was modulating these events. As a result of incision, there should be repair synthesis in the DNA of irradiated uvrC cells. We have shown that, after irradiation, toluene-treated cells deficient in the polymerizing activity of DNA polymerase I exhibit a level of repair synthesis approximately 30% of replication. We have concluded that this synthesis is dependent on DNA polymerase III (2, 25) . In contrast, toluene-treated poU+ cells demonstrate very low levels of repair incorporation. The low repair incorporation in poU+ cells has been related to the efficient interaction of polymerase I and ligase activities and efficient excision of dimers in these cells, resulting in short patch repair synthesis (6, 8) . Figure 3 shows the comparative results of repair synthesis in toluene-treated celLs of strains MM383 (polA12) and RM 76 (uvrC polA12). It is important to note that uvrC poUA12 celLs exhibited normal levels of UV-induced, ATP-dependent repair synthesis (Fig.  3B ) compared with polA12 cells (Fig. 3A) , supporting the previous data that uvrC mutants execute incisions. These results further indicate that the defect in uvrC polA12 cells does not inhibit repair synthesis. Novobiocin inhibits DNA replication by blocking DNA gyrase activity (9), but does not inhibit UV repair synthesis in toluene-treated cells (31) . DNA synthesis observed in uvrC polA12 cells persisted in the presence of novobiocin (Fig. 3B) as it did in polA12 cells (Fig. 3A) (Fig. 4A) . Incorporation in the absence of ATP was low in both the strains in unirradiated or irradiated cells whether or not NMN was present. These experiments were also done in the presence of novobiocin. The addition of novobiocin did not perturb stimulation of repair incorporation in polA+ cells (Fig. 4A) Figure 5A represents semiconservatively synthesized DNA appearing at hybrid density. Addition of NMN in the case of unirradiated cells allowed the continuation of replicative DNA synthesis, although NMN sometimes brought down the levels of DNA synthesis (Fig. 5B) . UV irradiation caused inhibition of replication, but repair synthesis was not prominent because of efficient repair (Fig. 5C ). Results shown in Fig.  5D confirmed our previous findings that NMN stimulates the repair synthesis in irradiated poULA cells.
In contrast, irradiated uvrC poUA cells did not exhibit UV stimulation of synthesis in the presence of NMN (Fig. 6D) . These mutants exhibited normal replicative DNA synthesis when unirradiated or in the presence of NMN (Fig. 6A and B) . The lack of NMN-stimulated repair imcorporation in uvrC polA+ toluenetreated cells (cf. Fig. 5D ) leads to the conclusion that in polA+ cells incision is not the only prerequisite for efficient repair synthesis, and that a subsequent step is defective in uvrC mutants.
Defective excision in uvrC mutants. Toluene treatment does not interfere with the production and recovery of dimers, but the extent of excision is less than in vivo. The excision reaction in vitro requires ATP and the uvrA,B gene products (5) . We studied the rate and extent of excision of dimers in toluene-treated uvrC cells. Cells were highly labeled with [3H]thymidine during growth, harvested, toluene treated, and irradiated at 40 J/m2 as described in Materials and Methods. The excision reactions were a- done in the presence of dNTP's so that simultaneously occurring repair synthesis could enhance the excision of dimers (6) . To maximize the sites of incision and repair synthesis, we studied the excision of pyrimidine dimers in the presence or absence of NMN (5 mM). Figure 7 shows typical results for excision of pyrimidine dcimers in wild-type cells and uvrC mutants. Under the conditions employed a 30% removal of dimers was observed. The removal of dimers in W3623 (poLAU) was rapid and occurred within 5 min (Fig. 7A) . No excision occurred in the absence of ATP (data not shown). NMN did not appreciably affect either the rate or extent of the removal of thymine dimers in poUA cells (Fig. 7A) . Strain MM383 (polA12) showed a slower excision of dimers during 5 min, although to the same extent as observed in polAU cells (Fig. 7B) . This is in agreement with past observations (25) . No excision was detected in uvrC poUA (Fig. 7A) or uvrC poLA12 (Fig. 7B) cells whether NMN was present or not. Nonspecific degradation of the DNA of irradiated cells was also followed for each reaction mixture (by acid precipitation), and our results showed no appreciable degradation in any cells (data not shown). These results demonstrate that excision in vitro requires the uvrC gene function. The failure of excision in the presence of NMN indicates that a lack of incisions in uvrC mutants is not the cause for this defect, since incisions accumulate in NMN.
Reformation of high-molecular-weight DNA in uvrC mutants. Our observation that uvrC mutants are defective in excision of pyrimidine dimers raised the question of whether they might provide a different structural environment for the restoration of high-molecular-weight DNA from wild-type cells. To investigate whether the incisions accumulated in uvrC mutants (in the presence of ATP and NMN but in the absence of dNTP's) can be rejoined or not, the cells with incised DNA were incubated in a second reaction in the presence of NAD and dNTP's. Figure 8 shows the reformation of highmolecular-weight DNA in toluene-treated uvrC cells and wild-type cells. Irradiated, toluenetreated cells with 3H-labeled DNA were incubated in a reaction mixture (no dNTP's) for 15 min to accumulate incisions. NMN was removed, and the cells were reincubated in complete reaction mixtures containing dNTP's and NAD. It is evident from the data presented in Fig. 8A that, after incision accumulation, incubation of toluene-treatedpoUA+ cells in the presence of NAD and dNTP's resulted in the rapid restoration of high-molecular-weight DNA. In contrast, a very poor reformation was observed in poLA12 cells after incision accumulation (Fig.  8B) , agreeing with previous reports (6, 19) . The uvrCpolA' cells showed efficient restoration of high molecular weight after incision accumulation (Fig. 80) , and the uvrCpolA12 cells showed better reformation of high-molecular-weight DNA (Fig. 8D ) than poUA12 cells (Fig. 8B) (13) . In contrast, results obtained by other investigators using the sucrose-plasmolyzed in vitro cell system indicated a lack of incisions in uvrC mutants (35) . The requirement for gene functions uvrA, uvrB, and uvrC in the form of a multienzyme complex to catalyze incision has been suggested using a cell extract complementation assay (32, 33 (34) . These studies led to the conclusion that the uvrC gene controls or interferes with ligase activity, although no incisions were seen in uvrCpolA12 cells. Our studies on reformation of high molecular weight in uvrC mutants (Fig. 8) showed that termini are still available for ligation even at a late time after incision. We did not find any evidence for super-ligation. On the contrary, the appearance of incisions in uvrCpoLA12 cells in the absence of NMN would seem to argue against rapid ligation.
Our resuts of defective excision of pyrimidine dimers in uvrC mutants agree with the in vivo findings of other investigators (3, 12, 13, 36 Results presented in Fig. 4 and 6 suggest that the lack of NMN-stimulated repair synthesis in uvrC polAU cells could be accounted for by a defect in excision of pyrimnidine dimers. The accumulation of incisions in the presence of NMN with no repair synthesis in uvrC poUA cells argues that repair synthesis in poU+ cells requires not only incisions but other events. One proposition is that the failure in the excision of VOL. 137, 1979 dimers in uvrC polAU cells may block the nick translation process, resulting in a lack of repair synthesis (8, 14) . Another possibility is that the defect in uvrC mutants may affect the strand displacement or local denaturation of the nucleotides containing pyrimidine dimers, restricting repair incorporation, although DNA polymerase I has been shown to perform strand displacement by itself (11, 18) . Another possibility suggested by Kato (13) is that the uvrC gene function may be required in terminus modification to give a suitable configuration (3'-hydroxyl) for DNA polymerase. However, the known UV-specific endonucleases have been shown to induce breaks with 3'-hydroxyl termini (10) . Recently, it has been reported that DNA polymerase I-dependent, NMN-stimulated repair synthesis is blocked in toluene-treated uvrC mutants (1, 39) . This result was explained as being secondary to a lack of incision in uvrC poUA mutants. On the other hand, we observed the accumulation of incisions in uvrC poUA mutants in the presence of NMN. Thus the absence of NMN-stimulated repair synthesis in uvrCpoUA cells could be due to a failure in nick translation or strand displacement resulting from the defect in excision of dimers.
The observation that uvrC polA12 mutants exhibited the same levels of repair synthesis as observed in poLA12 cells is in contrast with the results of repair synthesis in uvrC poLAU cells. One possibility allowing such synthesis could be degradation in the 3'-.5' direction from the incision. This would be compatible with the ease of detection of incisions in uvrCpoLA12. Presumably the lack of DNA polymerase I for efficient gap closure would antagonize ligation. The defect in excision of dimers would be a limiting factor for the degradation in the 5'-*3' direction; such a situation might favor religation under the conditions of repair synthesis and gap closure. This is in agreement with our observation of somewhat better reformation of high-molecularweight DNA in uvrC polA12 cells as compared with that in parentalpoLA12 cells. Furthermore, the uvrC poLA12 cells also exhibit a defect in excision of pyrimidine dimers even in the presence of greatly increased repair synthesis, suggesting that in polA cells repair synthesis and excision of pyrimidine dimers may not be performed in a coupled manner.
The evidence reported in this paper suggests that uvrC gene function may not control the incision process or modulate ligase activity. The failure of excision of pyrimidine dimers in uvrC mutants, however, suggests that the uvrC gene product may be a pre-excision function, such as an unwinding protein, or an excision nuclease, or regulate the activities of the excision nucleases.
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